
I _°:!:w

!

i

]

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ItrstRTIMI: RI Pi)RT
ORIGINALLY ISSUED

October 194_ as

Advance Restricted Report LlcEB1

WIND-TUNNEL CALIBRATION AND CORRECTION PROCEDURES

FOR THREE-DIMF_SIONAL MODELS

By Robert S. Swanson and Clarence L. Gillls

Langley Memorial Aeronautical Laboratory

Langley Field, Ya.

CASE

/

FILE
COPY

WASHINGTON

NACA WARTIME REPORTS are reprintsofpapers originallyissued to provide rapid distributionof
advance research resultstoan authorizedgroup requlrlng them for the war effort. They were pre-
viouslyheld under a securitystatusbut are now unclassified. Some of these reports were not tech-
nlcallyedited. All have been reproduced without change inorder to expedite general distribution.

.i

L



ar

Y

w



NACA ARR No. L4EZI RESTRICTED

NATIONAl, ADVIZORY COM}_ITTEE FOR AERONAUTIC_

WIND-TUNNEL CAZIBRATION AND CORRECTION PROCEDUREZ

FOR THREE-DIb_N$IONAL _[0DELS

By Robert S. Swan_gn and Clarence L. Gillis

ZU_[}_ARY

Detailed methods are presented for determining the
eorreetion_ to result_ from wind-tunnel tests of three-

dimensional models for the effects of the model-support
system, the nonuniform air flow in the tttunel, and the

tunnel walls or jet boundaries. The procedures for

det_rminins the corrections are _.llustrated by equatio_s
and the required te_ts are discussed. Particular atten-

tionis given to the parts of the procedures dealing with

drag measurements. Two general methods that are used

for determining and applying the correction_ to force
tests are discussed. Sorae discussion is also included

of the correction procedures to be used for wake survey

tests. The methods described in this report apply only
to tests at subcritical speeds.

INTRODUCTION

The purpose of the present report is to discuss

methods for determlning the air-flow conditions in wind

tunnels designed for the testing of three-dimensional

model_ and to indicate the procedure for applying the

necessary corrections to the measured aerodynamic char-
acteristics of the model. The various factors that

affieet th_ applicability of win@-t,m_nel tests to flight
have been studied for many years. (See references and

bibliography.) Recently, with the development of

cleaner airplanes operating at h_gh l_ft coefficient_

and of large high-speed low-turbulence wind tunnels,

the problem of determining the corrections to the

required degree of accuracy has become increasingly
acute.

\
\
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The usual practice of predicting the flying qualities
of airplanes from wind-tunnel tests of relatively small-
scale models makes _t imperative that the model test
results be corrected to free-air conditions. In addition,
the large nlm_ber of wind tunnels in use makes it desirable
that a more or less standard calibration and correction
procedure be adopted in order to make data from different
tunnels as nearly comparable as possible. Not much com-
prehensive " _ ,zn.olmatiom has been published previously on
the subject of wind-tunnel calibration and correction
methods. The discussion contained in reference i is
probably the be_t information to date A _i.cuosion is
given in the _r_sent report of the methods in use at the
present time for calibrating a wind tunnel and determining
the correction_ to be applie_ to the measured model data.
Some refinements to the 7_sual procedures a!_e suggested
with special attention to those parts of the procedure
that s ffect the drag meas_rements. The use of large
models ]n order to more nearly approach the Reynolds
numoe_s obtained in _llgh_ has increased the magnitude
and thus the importance _f the jet-boundary; corrections.
A detailed discussion of jet-boun_Jar7 corrections is
not given herein, however, because thi_ subject, except
for the effects of compressibility, has been treated
rather thoroughly in previous publications. (See refer-
ences 2 to 12.)

All the following d_.scussion applies only to tests
made at subcrit.lcal speeds and for arrangements giving
fairly low re_trictlon effects. The discussion is also
limited to three-dimenslonal-model tests. The procedures
described comprise only the part of the t_.mne!-testing
technique concerned with detem_._ning the corrections to
the model data necessitated by the differences between
the air-flow conditions in the tunnel and those in an
_n].im__ted uniform air stream with the same Reynolds
num}3er, _{ach number, turbulence, and other factors.
For purposes of simplicity, only three components - lift,
drag, and pitching moment - are considered in most of
the discussion. Corrections to the other three components
may be derived by procedures similar to those given herein.
During the conversion of the data to final form, it will
usually be necessary to apply some corrections for the
deflections of the balance system and to transfer the
forces and reorients to other sets of axes but, sinc'e these
corrections are essentially geometric and not aerodynamic
problems, they are not dealt with in this report.
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Subscripts

In alinement-angle equations:

S scale reading

E erect-model test

I inverted-model test

av average

w weighted according to span-load distribution

In oar.e equation_.

1 test of mode] on tare support

2 test of mode! on tare support with duchy support

in place

3 test of r_odel on normal support

N mode I

T tare support

D dt_m_y support

N normal support

I interference

Combinations of these cond_tion_ (_T,)\_D, etc.) are also

used as subscripts in the tare equations.

The <-[ACA standard s_Tstem of wind axes is used for

all equations.

O_TERAL DISCUSSION

Basic Corrections Necessary

Before the results of w_nd-tunnel tests on a model

cam be used to predict the f_Iying quslities of an air-

plane, corrections to the measured aerodynamic character-
istics must be determined to account for the effects of
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the model-suppgrt system, the nonuniform air-flow condi-
tions in the tunnel, and the tunnel walls or jet bounda-
ries.

Tsre_.- The corrections for the effects of the
model-support system are usually determined in the form
of increments of forces and moments or the corresponding
coefficients and are called tares. The tares are com-
posed of the direct air forces on the support system
plus the mutual interference between the support system
a_d the model. It coul4 be expected, therefore, that

the tares would be greatly dependent on the size and
shape of suFports, the confic]uration of the model, and

the point of attachment of the supports to the model.

The relatively great effect of the mode] configuration

on the tares is illustrated in figure I, which presents

some tare values measured in the Langley 7- by 10-foot
tunnel for two different models under several test con-

ditions.

Because of their dependence upon the support and

model configuration, the tares should be determined

ezperimenta!ly for each model. The tare tests should

be made with the complete model including tail surfaces.

This condition is nece_sar_j because the tall of the

model may pass into or out of a region of reduced

velocity behind the support struts as the model is

pitched or yawed and may thus affect the pitching

moment_ and yswlng moments. The tares should be deter-
mined for all te_t conditions to be encountered, such

as the conditions with the flap neutral and defl<cted,

with tLe model yawed, with several power conditions,

and with any model modification that might affect the

tares. Thi_ requirement is particularly i:_portant when

accurate drag measurement_ are desired because, as indi-

cated in figure I, the drag tares may often be greater

than the drag of the airfoil.

Nonuniform alr-flow conditions.- The nonuniformi-

ties in the a_r stream may be thought of as belonging

in the three following categories:

(I) A chan{e in the average airspeed along the

longitudinal axis of the t_nel

(2) A variation in airspeed over a plane perpen-

dicular to the longitudinal axis
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(5) A variation _n the air-flow angle in the
region occupied by the model

The change in the average airspeed along the
axis of the tunnel is caused by any actual or effec-
tive convergence or divergence of the air stream.
This change in velocity along the axis of the tunnel
causes a variation in the static pressure and a correc-
tion must be appl_ed to the drag to account for the
buoyancy effect of any such static-pressure gradient.
For an open-throat tunnel the possibility of having a
diverging or converging air strea_ is obvious. For a
closed-throat tunnel the formation of a boundary layer
along the wails of the test section changes the effec-
tive shape of the tunnel. Closed-throat tunnel_ are
usually designed with a slightly divergent test section
to counteract this effect but in any case the static-
pressure gradient must be measured. The tunnel l_akage

conditions can have a very marked effect on the static-

pressure gradient (references 2 an_ g) because a leak

in the t_nne] changes _ts effective shape. All holes in
the tunnel walls of the test section should therefore

be sealed. If seal_ng is not possible, th_ amount of

leakage should be _alntalned as nearly constant as pos-
sible.

The airspeed generally varies slightly from point

to point in a plane perpendicular to the tunnel axis.

The usual procedure for correcting the test results for

this variation in velocity is to use the average value

of the dynamic pressure over the space occupied by the

model in computing the model coefficlents.

The deviation of the direction of the air velocity

from the drag axis of the balance syste_ over the

region occupied by the model has a considerable effect

on the measured model characteristics, particularly on

the drag. Lift and drag are defined as the forces

parallel and perpendicular, respective ___ ±_, to the air-

stream direction. If the average alinement angle _ is

not zero, the lift and drag forces measured by t_e

balance system will not be t_e tru_ lift and drag as

may easily be seen from the follo_ing derivation:

CL = CR cos (_ + _.)

= CR (cos _ cos c - sin _ sin c)
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Inasmuch as
C

sln =

is a small angle,

Therefore,

cos _ = 1.0 and

e.

Ci. = C R cos _ - 5_.-_ CR sin

c (I)
: CI,s - _ CD S

Slmi]ar!y,

CD = CR sin (_ + _)

= CR (sin _ cos ( + cos 8 sin c)

£

= CR + CR cos

c (2)= CD S + 5V.3 _S

Thlg der_vaoioh__" - _-a_f:._: be applied to either the erect-mode!
or inverted-model condition as Indicated in figure 2.

Because the alinement angle is s_a!l and because the

lift Is generally many times greater t,_n the graft, the

lift is _.ot appreciably affected by the allnemcnt angle

and is considered correct as read, Insofar as the allne-
_ent ' _ _an_._e _s on, termed The drag, however, is appre-

-_ ,_ _ -'e"_ isciab]y a±fect_d, and a correcb!on 1;-_'ustbe aDp!_.c as

exi01ained in deta'_l in the section entitled "Alinement-

Angle Corrections." The angle of attack _ust also be

corrected by the amount of the average alinement angle

and, if there i_ a difference in the measured alinement

an_le at the wing and at the usual location of the tail

surf'ace_, a correction to the model trim (pitching-

moment) condition must be made.

Jet-boun@_ar__ corrections.- The tunnel walls, or
jet boundaries, place certain restrictions on the air
flow around hhe model and thus cause a _)_=_ in the

direction and curvature of the air stream and a change

in the airspeed at the model. The amount of the

restriction Is, of course, dependent on the cross-
sectional shaD6 of the tunnel, the z_,odel _onfiguration,

• _ and thethe relative sizes of the mode], and tn._ tunnel,

position and attitude of the model in the tunnel. For
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a clo_e6-throat tunnel the effect of the tunnel walls is

generally to limit the downwash around the model and

thus to cause an effective upward defl_ction and an

upward curvatvre of the air stream. A displacement

blocklnF occurs because th¢ rigid walls also r rohibit

tl_e expansion of the a_r stream as it passes around the

model and, as the a_r _s constrained to a smaller cross-

sectional area, the velocity correspondingly increases.

This increase in the veJocity is ._enerally considered

separate]y. For ar open-throat tunne], a physical

interpretation of the jet-boundary effects may be

obtained by eonside _ _ ..r_no that the mass of moving air

which is affected by the mode] is not so large as the
mass which would be affected if the model were in an

unlimited a__r stream. The air stream thu_ undergoes a

greater deflection and curvature and a greater expansion

in _,as_ing over the m_del than it would experience if it
were of infinite extent. The effect of the jet bounda-

ries for an open-throat tunnel _s therefore generally

of opposite s_gn from the effect of the tunnel walls
for a elosed-tnr at tunnel.

The subject of jet-boundary interference has been

rather exten_ivel_T _nvestigated for al! types of wind

tunnels in common use. (See references _ to 13 and

blblio_raphy.) Since jet-boundary interference is

discussed adequately in many reports, any further dis-

cussion in th_s paper is deemed unnecessary. In
table I are listed the various reports from which
numerical values of the different corrections for a

nu_ber of mode]-t_m_el arrangements may be obtained.
For those ca_es in v;hich the same information is repeated

in several reDorts, only one of the reports is listed.

Detailed illustrat_ve examples of the methods of calcu-

lating jet-boundary corrections are given in references 9
and I0.

The information on blocking corrections for sTm-

metrical bodies presented in reference S is a surm'_ary
of the best data available. A d isc1_ssion of the use of

the electric tank for determination of blocking correc-

tions for three-dimens_onal non!iftlng bodies is given

in reference 14. An approximate rule for estimating

the blocking corrections for a lifting wing in closed-

throat tunnel_ is to multiply the indicated dynamic
pressure by the quantity i + --6--A where A/A' is the

4A'
fraction of the cross-sectiona] area of the tunnel
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blocked, off bTf the model. This slmp]e empirical factor
_vas derived from the results of tmpub!ished tests to
determine the blocking correction for the lift of two-
dimens_onai-flow models as well as from results of a
few tests to determine the corrections for tbree-
dimensional wings. It should be noted that the data on
blocking corrections for aye,metrical bodies given in
reference 2 indicate that the correction varies as the
square of the ar,ea blocked off,_Thereas the experimental
data on l!ft_n_ v,1_s inlicate that the correction
varies linearly as the area blocked off. The nur_.erical
val,le_ are rough" _,±y _he sac, e, however, for the usual
moderate-size models. The simple rule for estimatin_

the correct!on is fairly accurate for aerodynamically

clean bodies such as plain wings. For bluff bodies or

bodies of any other form that creates a large wake,

such as a wing with a split flap, an additional correc-

tion due to the stat_c-_res_ure gradient generated o_,
the wake should bc _o'_....._e as outlined in reference 2

Tn.ls _ddltional corrcctlon __,s in good a_reement with
a@c:tmona] correctionthe experimentai]y determined - _" ' -

obtained from the tests v:ith split _ _ .J:!ap_ deflected.

The calculations of reference o _nd_cate that for

an. open-throat tunnel the change in dsmamie, pressure

caused by blocking effect for an aerody_amically clean
body is of the opposite sign ancl much smaller In magni-
tude than that for a closed-throat tunnel. The addi-

tional correction f:_r the _ -_n_ : _olo_,_ o efJ.e_t caused by the

wake static-pressure gradient of a bluff body is essen-

tially zero in an open-throat tunnel.

Criterions of Sirr_i!itude

The criterions of si_i_itude that are of primary

i_Jp_rtance to w_nd-t_nne] t_sting are the air-stream

turbulence, the Reyno]@s number, and the _ach number.

it i_ rarely possible to s_,.tmsfy these three criterions

si:_ultaneous!y on the model. The usual procedure is to

atte:,,_pt t:_ sati_ _ two. r,.._y one e,.r of the e _ tcrlon_
that _:ould be expected to have the great,st effect for
the tests under consideration.

Turbulence is defined as a rapid variation in

veloci.ty at a point with ti_e. Although the qua]itative

effects of turbulence are fairly well known, the theory

and data available are not sufficient to permit the
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determination of satisfactory corrections. For any tunnel,
however, the numerical value of the turbulence should be
known in order to facilitate a comparison of the data with
data from other wind tunnels or from flight tests or to
study furbher the turbulence effects. The Reynolds number
and i_ach number are also quantities for which no completely
satisfactory methods of correction have been devised.
For purposes of comparison with other data, their values
should be known, however, and specified for all model
tests for which they are likely to have an effect. Because
the support system causes local changes in the air flow,
it may be desirable for some tests, in which Mach number
effects are: especially critical, to sp_-clfy not only the
average Mach number of the air flow but also the local
Mach numbers near the supports.

Correction Methods

The _uccessful application of corrections to wind-
tunnel data is dependent on the type of tunnel used for
testing. Two methods are available for general use and
for convenience are designated herein methodA and mebhodB.
_(etho¢] A, which is based on a clear-tunnel air-flow survey,
is more straightforward and _s believed to be more accurate
than method B, which is based on a survey with the model
support struts in place. The main emphasis of the discus-
sion contained herein is therefore placed on method A.
_(ethod B is reco_._ended only for use in large open tunnels
in which mechanical diffizculties associated with mounting
exact-image supports above the model for tare and aline-
ment estimations become excessive.

Method A.- This method is based on an alr-flow
survey with no model or supports in the tunnel (to be
called the clear-tunnel survey) and the tares are deter-
mined in such a way as to include all the effects caused
by the support struts or wires. The tares are ordinarily
the first corrections to be applied to the measured data.
If the tares are defined as the tobal effect of the
support system, their subtraction from the measured data
leaves the data in a condition representing the model
in the tunnel with no support system. The effect of the
dynamic-pressure change caused by the presence of the
supports having been accounted for, the dynamic pressure
to be used in computing the coefficients is that obtained
from the clear-tunnel sir-flow survey. The next correc-
tions to be applied are the corrections to the angle of
attack and drag to account for the alinement angle and
the static-pressure gradient, also determined from the
clear-tunnel survey. The data are now corrected for the



Yo L4ES!_",,_A ARR .,:.

effects of the support system and the nonun_form_t_es
in the air stream.- 7f the jet-bo(_ndar3_ 6orrectlens are

_pplied along with the blocking corrections, the data

then represent the model in an unlimited uniform air

stream. Although, properly speakln_, the blocking cor-

rection Is an effect caused by the presence of the

tunnel w_lls or jet boundaries, it is most easily

applied in the second stec simply as a correction to the

value of q used in computing the coefficients. One

variation from this procedure, which _s _ometlmes used,

is to apply the Jet-boundary corrections before the
tare corrections. The tares must then be corrected for

jet-boundary interference. The difference in the
results from the two method_ will _enerally be negligible.

In this report the tares will be determined so that they

may be applied first.

5_ethod E.- As has been previously noted, method B
is based on an air-flow survey with the support struts

in place. The tares determined by use of this method

include any effects of the support system that have not
been accounted for in +:he a_r-flow survey. If the basic

alr-flow survey is made with the supports in place, the

effect of the supports In causing changes in dynamic

pressure and air-flow angularity has been accounted for.

The tares for this system should then include only the
air forces on the exposed parts of the support system

plus the effects of the model on the s[',pports. The

procedure for determining the tares by this me_hod is
different from that of method A. After the tares have

been applied, the coefficients are computed with a

dynamic-pressure value for the supports in place. The

correction procedure from this point on is the same for

method B as for method A.

Wake-Shadow Effects

_ome additional effects that should be accounted

for in both correction me_,nod_ are those caused by the

"wake shadow." The wake shadow is defined as the loss

in total pressure and dynamic pressure and the possible

changes in air-flow angle, static pressure, and turbu-
lence that occur when the wake of the model is carried

around the ret[_rn passages of the tunnel without being
diffused or dissipated. The change in q caused by the

wake is called _'_ake blocking. The effect of wake block-

ing on the model may be taken care of by applying a
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correction to the value of

coefficients.
q used for computing the

At present no _at ....factory method of measuring the

changes on sir-flow angle and static-pressure gradient

cau_ by vTake .-hadow has been developed and tried

exoer_!mentallv_, o . If, therefore, any difficulti6s

resulting from w'ake shado_._ are found to exist in a wind

tunnel, the best procedure probably would be to modify

the tunnel by adding _creens or diffuser vanes in such
a way that the wake s_'.adow would be eli_.inated.

The wske shadow need not necessarily pass directly

over the model to cause large errors. For example, if

the wake in traveling around the return passages is

deflected well below the raodel, it will pass near the

static or!fice_ (used to indicate the d_<namlc pressur6)
on the floor of the tunnel If the sta_.e or_fice_

on the roof and floor are not connected s_metricaliy,

the re_u.ltin_ air flow through the connecting tubes

will then give erroneous indications of the dynamic

pressure. It might be noted that if the difference in

air pressure betvzeen the orifices is large, the air flow
through the t_)_s may be turbulent instead of laminar

and the indicated dynamic pressure _,i!i be erroneous

even though t]_e orifice are connected symmetrically

Incorrect design of the guide vanes, the tunnel
propeller and nacelle, or the return passages may

result in very _rre[L_lar or pulsating air-flow condi-

tions. In particular, introducing th_ model in the

_ind tunnel or cl_an[ing the model attitude may cause

air-flow s_paratlon somewhere in the return pa_oa_e_

and chan_e appreciably the air-flow conditions. Although

this condition is not properly a form of wake shadow, it
_s detectec] and corrected for in much the same manner as

wax_ shadow.

_ T TM _A _'_ , _ T _r _"D._-_TAI.,_,--.D_ _I,_._RATION A_,_DCORR:_CTION METHODS

Calibration

=

Air-flow survey___ .- The first step in the calibration
procedure is the messurem_nt of the air-flow conditions

in the tunnel with the model removed. For correction

•_ t_ the supportmethod A outlined in tn_ preceding sec,__on,
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struts must also be removed from the tunnel. For correc-

tion method B, the supporL struts must remain in the

tunnei. The first souz_ce of inaccuracy of the second

system may be mentioncd here. It is difficult to measure

the dynamic pressure near and at the support system

because, in practice, part of the support system Is

enclosed in the _.lodel and any changes In velocity caused
by Lhes6 otherwise, enclosed parts are thus errors.

The air-flov: surveys should be made over a plaue
perpendicular to the a_r stresum at the position to be

occupied by the _Ing of a model to be tested. Usually
this position is at, or very near, the support-strut

location. The survey should be nade at various points

on a line across the tunnel at s_veral heights to cover

all possible model variations. Thls original tunnel

_urvcy should be n,ade ra_her accurately and co_pletely.
Unless some altez.atlons are made to the tunnel or unless

some chan_e in the alr-f!ow condltlon_ has been indi-

cated, only occaslonal check surveys v¢_ll be necessary.

The r_easut_er.-ents over this survey plane may be made

wlth a co1".:blned pitch, .%-aw, and pitot-stat._c tube and

with _anom_ters measuring total pressure, _tat_c pres-

sure, and air-flow angularity with rerpect to the drag

axis of the balance _,yste:_:. Some detall_ on the con-
struction and us6 of the_e instruments can be found in

reference,-- 6, 15, and ]6. The measurements are made

for a constant reading h on the manometer connecting
the t_'o sets of static or_flce_. The_e or!flees are

statlc-pressure boles set into the v._a!is of the tunnel

at two sectlon_ upstream of the mode]. The difference

In pressure between the two set_ of orifices i_ a

function of the dynamic pressure. The static orifices

at each sectlon shoul_d be connected in a s_jnetrical

manner to mlnim_ze the effect on the pressure readings
of any flov¢ betv;een the orifices caused by the model

pressure field or by a wake shado',_. From the total

pressure and static pressure measured at each polnt in

the survey plane, the- impact pressure may be obtained.

The measurements should be repeated several times to

improve the accuracy.

The accurate measurement of the a_r-flo,._ any,ularlty
(or alinenent angle) with the _a_ head is probably the

most difficult part of the tunnel calibratlon. _ost

yaw hesd_ cannot be expected to measure an_les to a

greater accuracy than 0.25 ° (reference 15). An error
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in the alinement angle of 0.25 ° will cause an error in

the drag results, of 0.004_CL, which is excessive. The

alinement angle at each section may be determined some-

what more accurately by use of a faired curve through a
greet many points obtained by repeating the tests. The
difficulty in obtaining moro accurate readings is probably

caused mainly by the lack of sufficient rigidity in the
mounting support for the yaw head and by the errors made
in measuring the initial setting. The support should
therefore be designed with the greatest care; a support
spanning the tunnel rather than a cantilever support should
be used. Erect and inverted yaw-head te_ts with the same

_!r_t _i!u!i c Y_i! e!!illia_!_ad_e! auseda_urements'from°factualtherelatlvelYthemodelaline-

tests, as is shown later in the section "Allne_ent-Ang!e
Corrections." The alinement ang!e_, measured by the yaw
head may still be of value, however, if the variation in
angularity across the tunnel is greater than the accuracy
of measurement. The yaw-head measurements may be adjusted
to agree with the average alinement angle as determined
from the model tests an_ the resulting variation may be
used to compute the alinement angle for each model, as
will be shown in detail.

The static pressure must be measured at a number of
points along the longitudinal axis of the tunnel over

enough distance to include _the complete length of any
model likely to be tested. If the static pressure is not
consta_t, a buoyancy correction to the drag will be neces-
sary. The measurements of the static-pressure gradient
must be made very carefully. Rather long static-pressure
tubes have be_n found most _atisfactory for this work. In

any case, the static-pressure tube must be carefully
calibrated.

The alinement angles should be measured at various
locations behind th_ survey plane to determine any change
in alinement angle behind the wing that will necessitate a

correction to the pitching moment as mentioned previously.

Turbulence measurement.- Although corrections are
usually not applied for air-_tream turbulence, the value
of the turbulence should be known and can be measured

when the tunnel survey_ are made. The turbulence of the

wind tunnel may be determined by sphere test_, described
in reference 17, provided the tunnel is at least mod-

erately turbulent. If the tunnel is a low-turbulence wind

tunnel, it will be necessary to u_e hot-wlre-anemometer
equipment (reference 18) to determine the turbulence

level of the air stream. The measurements should be

checked with several instruments and should be made at
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several tunnel alrspeed_ because the Increased tunnel
and motor v_brations that accompany a rise in tunnel

speed often appreciably increase the tul-bulence.

_,_-turbulcnoe tunnel with con-For an extremely _'
ditlons spproachin_ free-.air cond_itions, the hot-wlre
method becomes inadequate because various disturbing

influences, such as the vibration of the wire, cause

readings to be higher than those caused by turbulence.
Comparative turbul_n_e measurements in such ca_es may

be estimated from tests of low-dra_ airfoils that are
very sensitive to changes in turbulence.

Correctlons

Once the tunnel calibrations are completed, the

sDecific corrections affecting the aerodynamic coeffi-
clents may be computed.

D.vnamic-fressur'e factor.- Im order to determine
the dyn-_-am-_c-pressu_e-_'a_t_or-V the value of q measured
at each point on the survey plane is dlv_ded by the
static-orifice pressure difference h and the values
of q/h are plotted against y, the di._tance across
the _unnel in a spanwlse direction. A curve drawn
through the points gives tn_ dynamic-pre ° _ _e w_ i_tion

• _ _ any givenacross the tunnel The dynamic pres_u.e for
model test is then equal to the static-orlf_ce p_e,._uoe
difference as observed during the test times the average
value of q/h across .the moael span. A me_h_nlca_
integration of the q/h curve car, then be made across
the model span. Thus,

q = g-

if the spanwise variation of q/h is large, how-

ever, the values of q/h should be weighted according
to wing chozd for tapered wing models to give a better

approximation.
b/Sf

h ({)
q : _ _,-b/2_

In order to deterred, he the exact q, it would be

necessary to v:eight the q/h variation according

to the spanwise lift d_.stribution for the lift calcu-

lations and according to the spanw_,se drag distribution

for the Orag calcu]_tio_ _. This !?rocedure obviously
involves an excessive amount of _vork w_.th only a s_a!l

increase in accuracy over that of equation (4).
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If the method of tu_ne! operation is such that it is
possible to maintain a given h d_ring a test run,
this procedure may be reversed and th_ value of h to
be used can be calculated for any desired q. Curves
may be plotted of q against h as found from equa-
tion (4) for a wide range of model spans and plan forms
and the density of the manometer liquid should be taken
into account. Use of these curves will save time, as
they make it unnecessary to compute q or h for each
test or each test point.

Corrections to the value of q for the effects of
wake blocking and displacement blocking must be made if
these effects are found to be appreciable. These cor-
rections depend upon the model configuration, however,
and are thus not concerned with the clear-tune.el cali-
bration.

At speeds in the compressible range, the impact
pressure H - p, determined from the air-flow surveys,
is larger than the true value of q. The corrected
q may be found from the relation

where

___9__- i

F c : ] + _ M2 + M4 + ... (6)

i -

In high-speed testing, the Mach ntm_er is of primary
importance and should be known for all tests. The Mach

number may be obtained from the equation

2 I

-

If the true velocity is desired for use _n computing the

Reynolds number or the advance-diameter ratio for power

or propeller tests, the air density during the test
must be krown. In order to calculate this density, it

is necessary to know the temperature of the air in the
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test section. The u_u_l method fs to measure the tem-

perature at the low-sp_ed section ahead of the entrance
cone and to calculate the test-section temperature from

the equat_ on

Ta (I H - p 'i_= - II
(8)

The correct density is then

(9)

As the correct value of both q and p are now known,

the velocity can be calculated. "The velocity may also

be computed from the fornula

If the model is large and near the ststic orifices,

a further correction to q :nay be necessary to account
for the influence of the model pressure field on the

stat__c pressure at the orifices. The correction may

be calculated with satisfactory accuracy from the known
fields of flow around a'rfoils and streamline bodies in

wind tunnels and is generally fairly small.

Alinement-an[le corrections.- The alinement angle,
obtained from the yaw-head surveys, _s used in cor-

recting the angle of attack and the drag. The angle
used must be obtalned from an integration (mathematical

or experim_nta!) across the model span. As mentioned

prev_ousl_-, however, the angles obtained from the yaw-

head surveys are usually not accurate enough for use

when precise drag results sre desired. For example,

consider a low-dra_ airfoil with a design llft coeffi-
cient of 0.4. An alinement-angle error of 0.I ° causes

sn error of 0.0007 in the minimtrm drag coefficler_t. A

more accurate allnement-angle correction, which nay be
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used only with correction method A, however, is usually

determined from two tests on a model wing. One test is
made with the model mounted erect and the other test

w_tb the mode] inverted. From figure 2(a) and the derl-

vatlon of equation (2), the correct drag coefficient
for the erect model is

E

CD = CDsE + CLSE 57.3 (II)

The signs of all coefficlent_ and angles are taken with

respect to the t,_nr_el. For the inverted model (fig. 2(b)),

the correct drag coefficient Is

c (12)
CD : CDsI + C£SI 5V.3

If all other effects have been accounted for except the

alinement angle, the two drag coefficients must be equal

at a given lift coefficient

E

CDsI + CLSI 8V.3 - CDgE

E

+ CL
SE

but, accord_.ng to the s_.gn convention,

CLs I : -CL9 E

Thus,

CDs I - CDsE _

¢ = .... E > 57.5 (13)2CLs

The difference in drag between the value for the

model erect and the model inverted is then plotted

against llft coefficient and the slope of a straight
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line faired through the Foints is r:nltiplied by 57.3/2
to obtain the average alinement angle _n degrees. The
accuracy of this procedure depends upon the fact that
all other effects have been correctly accounted for. It
is necessary therefore to account for the tares with the
utmost precision. In order to avoid actually determining
and applying the tare corrections, however, the tests for
both the erect and inverted models are made with an exact

set of i_age supports (fig. _) mounted on the opposite

side of the wing from the normal supports. The tares are

thus automatica!]y accounted for by this test procedure.

It is also very important that the leakage effects around

the support strut or fairing be exactly reproduced in
the du_mles. Te_ts in two d_ffer_nt win@ tunnels have

shown errors of as much as 0.25 in the slinement angle

due to _ncorrect leakage rep_oduction. The average aline-

merit an cle determ ned in this way will be weighted

according to the spanwlse load distribution as can be seen

from the following derivation:

At any section

Ad : _c

: cc_cq d_.

The total-drag correction is then

AD = cc_cq dy

.Lb/ 

b/2

F cc;cq dyAC D : q_

d-b/2

(14)

This correction is applied to the w_nd-tunnel data in

the form

&C D : CavwC L + K
(15)
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where K is the drag correction at zero lift and will
be zero if the wing has no aerodynamic twist and the
varlatior_ of c across the span is not great enough to
result in an effective aerodynamic twist. If the
alinement angle varies appreciably across the model
span, the average value will thus be different for dif-
ferent wing configurations. For this reason, alinement-
angle tests are frequently made individually for each
model tested. It Is believed that the extra time
required with this procedure is unnecessary and that the
accuracy may be increased if a little more time and care
are taken in the original tunnel cslibration to determine
the alinement angle for different wing configurations.
Several wings, of different spans and plan forms and
preferably with transition fixed by means of transition
strips, sho[_Id be tested with and without partial-span
flaps in order to determine the alinement-angle varia-
tion with wing configuration. Because the drag coeffi-
cients are compared at a constant lift for the erect and
inverted model, the airfoil section used will have no
effect on the results, unless the airfoil drag is
unusually sensitive to transition, surface roughness,
and so forth. In this case, much more care is required
in the tests.

The alinement-angle measurements made with the yaw
head may now be checked by the use of c as deter-

av w

mined from the force tests_ that is, by use of the span

load distribution for the wings tested and the alinement-

angle distributions from the yaw-head surveys, Cavw

may be calculated from equations (14) and (15). If the

yaw-head determinations are correct, the calculated

values of Cav w will agree with the force-test results

within the required accuracy. If they do not, the values

of ¢ at each point as determined from the yaw head may
be raised or lowered slightly until the calculated and

measured values of Cav w agree. This procedure is of

use only when the variation of c from point to point

across the tunnel is greater than the accuracy of the

yaw-head readings. In such cases the yaw hea@ will

generally give a smaller percentage error in the varia-
tion from point to point than in the absolute value at

each point.
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The alinement angle to be used for correcting the

angle of attack is not qui_e the same as that to be used

to correct the drag because different methods of averaging

the a_inement an_].es should be u_ed for the lift and

for the drag. The error in using Cav w as the angle-

of-attack correction is usually small, however, so that

the same an[le may generally be used for correcting the

angle of' attack as is used for the drag.

For the correction method B, the alinement angle

to be used should be that with _he supports in the

tunnel. It is customary to use the alinement angles

measured by the Taw head. In c_.'3e accurate drag meas-
urements are desired at moderate or hi[h lift coeffi-

cients, this procedure will probably not be sufficiently
accurate. A partial over-all check on the final accuracy

of th._s second procedure may be obtained by comparing

the final fully corrected data obtained from erect- and

Inverted-model tests of syTfmletrica! wing models.

If any difference exists in the measured alinement

angles at tLe position of the wing and the tail, a cor-
rection must be made to the pitching moments of the model.

Thus_

dC m

m : (16)

dC m
where _ will depend upon the model conf_guratlon,

di t

attitude, power condition, and so forth.

If the alinement-angle variation is not symmetrical

about the tunnel center line, small rolling and yawing

moments will result and may be used as additional condi-

tions to be satisfied. The ro___no-1_"_ ard yav.in_-_._om_nt,_ _

ccrrections are usually rather small and of t_e same

sign for the erect-model an8 the inverted-model tests,
however, and thus are difficult to distinguish from the

effects of asymmetry of the model.

The method of determining the weighted alinement

angle from force tests at large values of !,{ach number
below the critical _peed is essent_.ally the same as at

small values of ?gach nu._._oer, although extra care Is
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required to mlnlm_ze interference effects. At _{ach

numbers at whlch the supports or parts of the mode]

near the support_ bav_ reached _ crltlcal speed, the
difficulties a_ uncertainties in obtaining tare._

become excessive. No satisfactory technique for

obtaining support tares at _upereritica] speeds has

yet been developed.

Buo_ correction.- AP extensive theoretical
Inves_ation of the effects of a statlc-pressure

gradient will be found in referonees _ and 3. Most

closed-throat wind tunnels are so desigDed that the

static pressure in the region to be occupied by a model
is constant and no correcSion is required. If a

gradient does exist, the drag. correction is proport[or, al
to the product of the grad<ent and the effective volume

of the body, and the proportionality factor depends on

the shape of the body. A good approximation to the cor-
rection for a three-d!menslonal body may be found from

the equation

AC D = _ A_x
I

-_L.E.

(17)

A closer approximation may be found by multiply!ng the
correction as foun_ from this equation by v'/v where

the effective volume v' .__sfound by the method,_ pre-

sented in references 2 and 3.

Tares for correction method A.- The method of

determining the tares will depend mainly upon the

physical limitations of the tunnel. In fact, it is the

l__mltations imposed by the tunnel on the method of meas-

urlng tares that determine whether correction method A
or B can be used. In the follow_ng discussion the

_upports on which the model is mounted for the normal
test runs are called the normal supports and the sup-

ports on which the model is mounted for tare tests are
called tare supports. In the usu81 procedure for tests,

the model is mgunted on the tare supports and two tests

are run - one with dum_y supports (representing the

normal supports) _n pl_ce and one with the dummy sup-

ports removed. The difference in the measured data
between these two tests is then taken to be equal to

the tare.
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Two possible ways are svsilab!e for running the
tests. The model may be mounted in. the nominal position
on an auxiliary tare-support system constructed to
mea_are sll forces and _om_nts; ore test _ be run
with the normal supports or du_y support_ [exact
images of the normal supports) in place and another with
the normal st_pports or dummies r_moved. Another method
_s. to mount the moae__ inverted on an auxi]_ary tare
support or on the _orma] supports, which then become the
tsre supports for the tsre tests, with du_ny supports
connected to the model for one test and removed for the

second test.

A basis for the discussion of tare-test procedure

_e,-_-o_'l tare equations repre-wizl be provided by some _ .........
senting cDrrectlon method ,_ with all tests run with the

model in the normal position. The derivation is some-

what arbitrary, cspeeial],y with respect to the inter-

ference terms. The ma_n purpose of the equations,

however, is to show the inaccuracies and approximations
i_volved in the usual tare geter_limatlons and to indi-

cate methods of _'mprovir, g the aoc_z,aey. For this purpose

any of several ways of writing the equations wil] give
the sa_:.e remJlt,.

The ss_bo!s L and D refer to the equivalent
clear-tunnel lift and drag; that is, LM(I + 6T) is

L_ nthe lift of the model moun_,G on the tare supports.

All the forces are reduced to coefficient form and a

cJear-tunne3 q i_ used for simp]icit;y and clarity in

the derivation and subsequent discussion. Yt will be

shown that the accura_,y of the tare determinations may

be improved by some modifications to this orocedure.
Yn th_ derivstion presented_only the eqoations for the

drag coefficient are shown.

The derivations of the equations for t_e lift and

pitchzng-,no_nen_ coefficients are similsr to the deriva-
tion of the equation for the drag coefficient. The

equation for the lift coefficient will be the same as

that for the drag coefficient except that CI, an@ CD

are interchanged and the signs of the alinement-angle
terms are reversed, _h¢ _ " _ ": a_i_.e_,_nt-ang,e terms are

neg_£gible, however, in the lift-coefficient equation.

The .oitchin_-moment-coefficient,. eqt_at_on.... wil_ have the

same form as the drag-coefficient equation without the

a!inement-an_ e terms.
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For the derivation, the model _s assumed to be
mou_ted _n the normal erect position with the tare and
dumry supports located on the same surface of the model

(fig. 4). For actual test work the tare-support system
shown in figure 4(b) may not be satisfactory because the
interference effects between the tare and du_y supports
may be excessive. The effect of the interference will

be shown by the equsti0n_. The tare-support system shown
is used for illustration, however, because it gives
simpler equations than for the case of the inverted model.
The changes in She equations required for the case of the
inverte_ model (fig. 5) will be indicated later. The
signs of all forces and angles are taken with respect to
the tunnel rather than the model axes. From test_ of the

model alone on tare support (fig. 4(s)),

CDISq : DM(I + ST) + DT(I + 8M)+ DIM T -(c + ACT)CLISq

where

CDISq

CLISq

DI}/IT

Then,

drag scale reading, pounds

lift scale reading, pounds

model _arao In presence of tare supports

but riot including changes in alr-flow
angularity, transition, a_d so forth,
cau_ed by tare support

tare-support drag in presence of model but

not including changes in alr-flow angularity,
t_ansi_ion, and so forth, caused by model

r rinterference d ag of both model and tare
supports res__Iting from mutual changes in
air-flow angularity, trarsition, and so
forth. (Note that the word "in_er.ference"

is used here to denote u__y _f ......ts obtained
in addition to the sum of the effects

obtained from the separate parts.)

DM(I + 6T) DT(I + 81_.[) Di_,_-T

cD1: sq + sq + (is)Sq

From tests of model on tare support with dur._y support

or normal support in place (fig. 4(b)),
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CD_ - _q

Sq

_JACA ARR No. LA]K_I

Sq

D_MD(I + _T)

Sq

- oTD"

Sq

(_ + ac T + ac D)
- _L2

(].g)

.. . CDI
The tare is taken as hCD D" CD Z

From the te_t of the model on the uorma] _upport

_ .---- .... - + _q Sq
CD 3 - Sq
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If the dummy supports are exact Images of the
normal support (as they should be) or, better yet, if

the nor_!ial supporb_ instead of du_les have been used,

all terms with _ub_cript N will be equal to the

corresponaing terms with subscript D. The model coef-

ficient corrected for the tare drag is CD3 - ACDD; then

or

CD - ACDD- CD3

= CD__,I(I- 6T6D) - CDT(I + 6M)5 D - CDD(I + 6},{)5T

- CDI_D6T - CD_; 60 - CO!TO(I + 5M)

- (C L + A_TAC_D + A(DACT_ f
(2£)
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If the tare determlpations are made with the model

mounted inverted, it is assumed that the tare supports
a_e in the sal_e _o_Itlon in the t_nqnel for these tests

as for the erect-model tests with the du_mmy supports on

the opposite surface of the model. (See fig. 5.) The

signs of some of the t_rms are reversed for the tare
tests w._th the model ir,verted. In this case also, the

l_ft tare is AC!_ _ = CLI - CL2 instead of CL2 - CLI

as for the tare tests vdth the model erect. In the

final lift eq_._atior_ all terms that arise because of the

presence of the tare surport have the opposite sign
from that Indicated in equation (22.). For the drag

equation, the signs of some of the alinement-angle terms
are. so reversed in the derivation that the equation will

be

CD = CD3 - ACDD

- CDI: D  - CDI -  'Dh,D(l +

- cC L 2c + A_ + A- ACI,N DACLT _TACL D
(23)

In equations (22) and (23) the quantities desired

are _,_L- _L M and C D = CDI_ - _C L. The _CL term is

the alinement-angle correction term. The rest of the

terms in t}_e equations are quantities that must be deter-
mined in another manner or must be reduced to a negli-

gible amount in order that their effect may be neglected.

The alinement-angle corrections to lift have

already been shown to be negi_gib!e, in all the equa-
tions for lift tares, the alinement-angle terms may

therefore be neglected. From an examination of the equa-
tions it can a]so be seen that if the tare tests (sub-

scripts I and 2) are reduced to coefficient form by the
use of a dynamic pressure equal to q(l + ST) obtained
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from an air-flow survey with the tare supports in place,

all terms multiplied by 8T in the final equation will

be eliminated. The factor 1 + 5T will affect some of

the other t_rms in the equation and the equation becomes

- cC L + ACT£CID + ACDACLT (24)

with the same changes as previously noted for the tare

tests of the inverted r_odel. The factors 8T and 8D

will be of the order of 0.05 to 0.05 and all undesirable
terms now remaining in the equation are second-order

effects except the CDITD term_ _ihich is small if the

tare and du_iy supports are fairly far apart. Usually,
these terms are neglected but if greater accuracy is

required an estimate of their :_agnitude may be worth

while. The quantity 2cACLN appearing in the equation

for the tare tests with the model inverted may be

accounted for by subtracting from the tare drag a
quantity equal to the tare lift times twice the clear-

tunnel alinement angle. The quantity (1+ 5_v_)CDT + CD!MT

can be measured by mounting the model by means of some

other system, such as wires or cables, in the usual

position with relation to the tare supports but not
connected to them. _[easurement of the forces on the

tare supports will in this case include the ir_terference

of the model on the supports. The main part of the
interference of the supports on the model is included

in the terms 1 + 8T and ac T appearing in the equa-

tions. If this method is not available, the quantity

(1 + 5,{)CDT + CDIT,gf may be approximated. _{easurement

of the forces on the tare support alone with the part of
the _upport to be _nclosed in the model _Tell faired wall

give CDT. The, factor 5_[ can be estimated from

pressure-dlstrlbutlon e_rves for the re_ion where the



supports are a_t_ch_d to the moc_e'I.

is more difficult to estimate.

The quantity CDI?_T

The factor 6D may be found quite easily by a com-

parison of the d_fnamic-pressure surveys made for the
clear tunnel and the s1_pports-in-place condition. The

quantities A( ^ and along with the inter-
T'..CLD A_DACLT

ferenee factor CDITD are mutual interference effects

betwee_ the two set_ of supports that must be determined

or eliminated. In mo_t _a.es,_ the errors caused by

neglecting the interference effects will be withi_ the

accuracy of mea_ur_._r.t. For c_xample, when a value of

tare lift equal to 0.02 (fig. !) is used, a change of

aliner::ent angle of 0.3 ° at the wing lifting line would

cause the i._crement of drag coefficient from the

A(TACI._. term in the preceding equations to be approxi-
j_.,

mately O.OOCI. The A(DACI, f term should be of the

same order of' magnitude. A_ examination of' the available

air-flow survey_ __ndicate._ that the main char_ge caused

by th_ support .qtruts is a curvature of the air flow

over the support_ wlbh little change in the average

angle across the _ing span - that is, the average change

in alinement angle is probably much less than 0.3 °.

The equipment and methods used in making the tare

tests should be desi[ned to eliminate or mlnimize the

interference between the two sets of supports. The

interference effects may be minimized by using tare and
dummy supports that are located as far as possible from

each other on the model. _en the two sets of supports

are located on opposite surfaces of the airfoil at the

same spanwise station, it can be shown that the induced-

drag part of the taros may occur as a double error in

the results r.ather thsn disappearing as might be expected.

It should also be rem¢_bercd ths.t the quantities

ACT_CI, D and ACDACLT actually represent a spanv_ise

intejration of the values at each section. The main part

of the changes in alinement an_le _(T and Ac D will

occur _n the vicinity of the tare and dm<_y supports,

respectively. The farther afart the two sets of supports

are located the smaller are the terms ACTACLD and

A(DACLT. Zeveral possible ways of mounting two sets of
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supports to reduce the mutual interference effects are
shown in figure 6.

From aerodynamic considerations, a wire support
system (fig. 6) satisfies rather well most of the
requiremenfis for a good tarG-support system. Wire
sup.ports eatlse little change in a__r-flow angularity and
l__tt!e cl':ance in dynamic pressure. Several objections
to a w_]re ,_,Jpp_rt system are e_!denb: Not all tunnel-
balanc_ _ fr_<mes are _{o constructed that the wire system

may be use,_" the _ires must be preloaded the same for
both tare tes_ in order to eliminate changes in wire
drag due to changes in wire tension; the large drag of
the wires d_cr_ases the accuracy of determining the tare
drsg; acd the in:_tai!at!on of a model v;ith a wire balance
Is difficult, "in addition, the wire _upport system _._ill
pr'obab]_- h,:ve a l:_w crJ. tica] speed and cannot be used
when high _[__ch nur_:bers are required, if'he support system
sho_,_-n in the center of figure 6 will probably also be
'unsati_:factozy from a comp.ressibi!ity st-_ndpoint. It has
been found that the 'ring--tip supports must be designed to

avoid al:.preeiable lift tares_ that is, the cross section
must be ci:rcular or some similar shape. The critical

speed of such a strut _-_ould th_n be low. If the two sets
of supports are i_].a",ed at a distar:ce from each other, it
csn be assvmed that, for a?.i p:oacticai purposes, their
mutual inte:cfere_:,'_e effects will be negligible. For tare

determinations of comp_Iste models mounted on a single
strut at tha fu._{s,lage or for stability and control tests

wn._c,n _,h,_absolute drag Is not of prime Importance,
the method of mo_,l_.tlng the model inverted on the normal

support for tare tests is satisfectory. An add.it_onal
point with r_gard to tsre tests _s the important effect
that may _._it from any open slots on the suction side
of the wing st the goir.t of attachment of the tare
suppor.ts. Experience ha.9 shown that any such slots
should be sealed and faired smooth.

If the tare and dummy supports must be placed close

together as in f_gure ,_'_,the interference terms AeTACLD,

A(D{CLT , and CDITD may be determined by the use of a

third set of supports _n conjunction with the usual tare
and d_m_my supports. If this procedure is followed,
results from three instead of two tests will be available

for determining tares in order that the interference
effects ma T be _ound. The use of this procedure would
probably not be justiffed, however, unless the tares are
very Isrge or unless the interference effects are
expected to be appreciable.

Tares for correction method B.- For correction

method-P., the Original air-flow survey is made with the
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normal support in place and includes the effect of the
supports on q and _. The tares should therefore
not include any cba_zes in q and c caused by the
supports. The tares in this case are then defined as
the d_rect air forces on th_ supports plus the inter-
ference of the model on the supports plus any local
effects of the supports on the model not included in
the air-flow survey, _uch as transition changes or
separation effects on alrfoils at the point of attach-
ment of the support _o the model.

The direct air forces on the supports and the inter-
ference of the model on the supports can be measured by
mounting the model independently of the ba!a_ce by means
of cables and measuring the forces on the balance. In
order to measure the effects of the _upports on transi-
tion and _er_aration changes on the airfoil, it is neces-
sary to have a set of dummy supports. The model is
placed on the tare supports or _ormal supports and the
dum_miesare placed close to, but not in contact with,
the model. The difference between this test and one
without=the dummies gives the interference effect of
the dummies. An example of this procedure _n use in
the Langle_ ful]-scal_ tunnel _s sho'_n _n reference 19.

The foregoing proce_ire is subject to several
inaccuracies. Any dumm_ysupports placed near the model
cause changes in q and ( over the model. The effect
of these changes will then be included in the tares.
The tunnel surveys for the correction method B, however,
already include the effect of the supports on q and ¢.
Part of the effects of the supports is thus apparently
accounted for twice. The errors caused by this condi-
tion may be minimized by reproducing in the d_mmies
only that part of the supports mear the model.

In the correction method B the dynamic pressure
obtained from the air-flow surve_ with the normal supports
_n place is used for computing the coefficients for all
tests. By means of equations similar to equations (18)
to (24) it can be shown that in method B the error in
determining the tares will be 6D times the total forces
rather than 6D times the forces on the tare support as
for the correction method A. In order to correct for
this factor, it would be necessary to have a clear-tunnel
air-flow survey to determine 5D. On the whole, it
appears that the correction method B will seldom be as
accurate as method A and should be used only when it is
the only reasonable procedure available.
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?.Take shadow.- An stated previous!y, the wake

shadow may cause cbangc, s in total head, static-pressure

gradient, d_amic pre_2_ure, aline_,ent angle', and turbu-

lence,. The existence of a wake shadow may be determined

qu_te easily from total-pressure surveys made at some
_ection of the tunnel ahead of the model and compared

with total-pressure surveys at the same section wlth no

model in t_i, trammel. The survey should be made over the

entire tunnel section at the survey pl_ne, espec___aily
near the static orifices in case t_e wake is deflected

from the center of the tunnel.

Tt would see_ that no exact solution of the prob-

lems of wake shadow is possible. One m_thod of esti-

mating the value of q when wake-shadow bloekin_ is
present i_ that used at the Langley full-sc_le tunnel.
This tunnel is of the open-.throat type and it ha_ been

found that the static present.re at the .model position

with only the SUPF..ort struts in the t_uu_el is equal to

the pressure in the te_,t chamber. For any particular

model the total pressure over a plane somewhat ahead

of the mode], and the static pressure in the test

chamber are measured. The average value of q may

then be found from an integration across the model span

"'b/2,,
1 ] TI -

q = b" J-b/2/ Fc
dy

This method does not appear to be readily or accurately

app!icsble to closed-,,l_roat tunnels.

As previously suggested, no satisfactory experi-

mental t_echn_que has yet been developed for measuring
all the effects of a wake shadow. Yf d_fficulties

resulting from wake shadow are found to exist in a

wind tunnel, the best proced_re would probably be to

modify the tunnel by adding screens or diffuser vanes

in such a way that the wake shadow would be eliminated.

!@ak_ Survey Tests

The prccedlng discus .... on has been concerned with
corrections to the results of tests in which the aero-

,._e_su_ed by mean_ ofdynamic forces and m.._ments are - _ _
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the balance system on which the model is mounted. In

order to determine the variation of the profile drag

along the ':_ing span, wake survey test_ are often made.

These surveys have al_o been used to d_termine the com-
bined drag tares and buoyancy corrections for some

models (r.efcrenee 20). Thi_ ]_ethod of testing requires

considerably more time than forc_ tests but is the
only way of determinlng the variation of profile drag

across the wing span.

For the wake surveys, the effect of th_ supports is

accounted for by colnputing coefficients by use of a

dynamic pressure deter_Ired for the air-flow surveys made

with the supports in the tunnel. The actual q at each

point along the ._pan rather than the average value of q

must be used for determining the local profile-drag coef-

flclents. Of course, corrections for compressibility,

wake she.dew, displacement blocking', and so forth, must
be made as for the force te_ts, but jet-boundary and

alinement-angle corrections to the drag are unnecessary.

Jet-boundary and alinement-angle corrections are applied

to the angle of attack.

The total nrofile-drag coefficient is obtained by
a s_mation of the section profile drag meas_red along

the span.

fCdoC q dy
= (25)

_Do /cq dy

_easure_ent_ l]_ade at or near the st_pports wi]_l

i._el_de the profile drag of the s_]_,ports. The drag of

the supports is el_.mlnat_:d by plotting the values of

cdoe q across the span an4 fairin_ a smooth curve

through the points, the values me_sured r_ar the supports

being ignored. The integration indicated in equatign (25)
is then performed for the faired curve.

It _s suggested that wake-survey measurements may

be used to check the accuracy of the over-all correc-

tions to the _.rac - that is_ force tests are made with

all _ecessary corrections applied. The induced drag

is then accuratel7 calculated and _ubtracted from

these resu!t_ to give the profils @ra,_. If the
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corrections applied are accurate, this Frofi!e drag

should check that determined froia wake surveys across

the entire wing. This procedure would also be expected
to be most reliable at low lift coefficients because

it depends upon the accurate calculation of the induced

drag. At high lift coefficients, an additional source

of inaccuracy Is the difficulty of making profile-drag

measurements in the region of ths airfoil tip.

EXAMPLE% OF CURRENT PRACTICE

LanE le_x__lg-foot pressure tunnel.- The calibration

and correction procedure used in the Langley 19-foot

pressure tunnel follows closely the procedure outlined
as correction method A. Tare tests are made with the

mo@el mounted inverted, the normal supports used as

tare supports, and a set of exact-image dummy supports
mounted on the opposite side of the mjdel.

Inasmuch ss the static-pressure gradient at the

position of the model is essentially zero, no buoyancy

corrections are necessary. Total-pressure surveys

ahead of a typical model failed to disclose any evidence

of s wske shadow. The empirical formula given previously
A

i + TA-w is used to correct the dynamic pressure for

displacement blocking.

The tunne!-wall-interference corrections are applied
as the first corrections after the data are reduced to

coeff_[cient form and before any other corrections are

applied. This procedure is used for all te_t runs,
including tare tests.

Z<a[gley V- b_ lO-foot tunnel.- In the Langley 7- by
lO-fooc tunucl_ correction method A is used and the

order of applying the corrections is the same as that

given in the £isc1_ssion. This tunnel is a loz_-speed

high-turbulence tunnel u_e@ chiefly for stability and

control test_; therefore, most of the refinements

suggested in the preceding discussion, particularly for

procise dra_ _etermlnations, are unnecessary.

Models in this tunnel are mounted on a s_ng!e sup-

port strut, which i_ sealed as it _asses through the

bottom of the tunnel. Tares are determined by mounting
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the mode] inverted on this normal support strut and

using a dummy strut that is an image of the lower

strut. It is unnecessary to convert the tares to

coefficient form before their application to the model

data because a constant predetermined dynamic pressure

can be maintained. Tare moments fliPst, however, be

transferred through the model before they are applied.

A!inem_nt-angle tests are not run for each model

but are run with t_.o standard wings of different spans

and checked occasionally. Because the variation in c

across the tunnel is not enough to show any difference
for the two standard w_ngs, the weighting procedure

for different wing plan forms is not necessary. Changes

of the order of 0.2 ° in the alinement angle have been

noted over a period of several years. The necessity of

periodic check tests is thu_ indicated. The accuracy
of the drag balance makes possible the determination of

the alinement angle to within about 0.05 ° . The impor-

tance of exactly reproducing the tunnel leakage condi-

tions for alinement-angle and tare tests was demonstrated

in the Langley V- by lO-foot tunnel when alinement-angle

tests were run after a new streamline fairing had been

added to the support strut. Tests made with the lower

end of the strut having about a _-Inch annular gap but

with the du_y sealed showed an alinement angle of
0.i °. When the gap was completely sealed, the alinement

angle wa_ changed to -0.I °.

In the region occupied by the model the static-

pressure gradient is substantially zero and no bueyancy

correction is necessary.

Because relatively large models are often tested

in such tunnels, a rather extensive investigation of the

tunnel-wall interference has been conducted for 7- by
lO-foot tunnels. The numerical results for tunnels of

this size as well as general methods applicable to all

tunnels will be found in references 8, 9, and i0.

ey full-scale tunnel.- The large size and the
open throat of the Langley fuel-scale tunnel have made the

installation of exact-image du_u_y supports difficult.

For this tunnel, therefore, correction method B is used.

All tests are computed from alr-flow surveys made with

the support struts in place. The alinement angle used
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in correcting the data is that obtained from the yaw-
head surveys with supports in place.

Several methods are used for determining tares.
One method used _s that described previously for
correction method B, in which the tares are determined
in two parts (-_...._reace 19). Another method used fre-

quently at present f_r measuring drag tares is the

wake-survey method. The normal support stzuts in this

tunnel are usually attached to the under surface of the

wing. _ake-survey measurements of the profile drag are
made at a number of spanwise stations and very _mall

intervals are used near the support-strut location. A
smooth curve is obtained for the variation of profile

drag a]ong the w_ng at some distance from the support.

As the support is approached, the drag rises considerabl_

It is assumed that the wing profile drag will sho_ a

uniform variation; therefore, a curve is arbitrarily

faired, and those points near the support are neglected.

The integrated difference between thi_ curve and that

drawn through the measured values of profile drag gives
the tare.

It is in the Langley full-scale tunnel that the

problems of the wake shaeow have probably been investi-

gated most extensively. The existence of the wake shadow
was discovered d_r]ng tests to check some calculated jet-

boundary corrections (_eference 4). Its effects were

investigated on a full-size airplane by measuring the

dynamic pressure and static pressure at several points

near the airplane in f]ighg and then in th_ tunnel. A
• _ _ .. s_._owed a decrease of aboutcompa_l_on of the re_ult_

6 percent in the average dynamic pressure around the
a_rplane when placed _.n the tunnel. In addition, the

static-pressure gra@ient was altered in such a way as

to cause an increase in drag of about 5 percent of the

minimum drag _hen the airplane was placed in the tunnel.

These figures werc obtained for a biplane that was
rather unclean aerodynamically. For airplanes of modern

design the effects of wake blocking are considerably
smaller. For plain airfoils, for which no flight tests

were available, it was necessary to make a theoretical
estimate of the undisturbed field around the airfoil.

The effects of the airfoil field of flow were then sub-

tracted from the measured total pressure, dynamic

pressure, and static pressure at a point ahead of the
airfoil to obtain the corrected values.



38 NACA ARR No. L4E31

The correction for wake blocking is now obtained by
measuring the total pressure ahead of a model and the
static pressure _,n the test chamber, which is eq_lal to
the static pressure at the model position, and applying
Bernoul].i's theorem to obtain the free-stream dynamic
pressure.

Buoyancy corrections are not necessary for plain-
_ing models mounted in the usual position. If the
model to be tested has a fuselage, however, buoyancy
corrections are required.

Measurements have shown that the effect of the
exit cone of _his t_n-mel on the air flow behind a model
is of approxitnately the same magnitude as and of
opposite sign from that due to jet-boun_dary interference.
The pitchlng-moment corrections that are required to
_ccount for the jet-boundary interference are thus
usually negligible.

Detailed method_ have been presented for determining,
to a high degree of accuracy, the correcbions to wind-
tunnel tests of three-dime_sion_.l model_ for the effects
of the model-support system, the nonuniform air flow in
the t1_nnel, and the tunnel walls or jet boundaries. It
should be remembered, ho',vever, that the most reliable
results are generally obtained in that condition for
_hich the required corrections are the smallest. If,
during th_ air-flow surveys and aline_r_ent-angle tests,
any marked irregularity Is evident in the air stream,
the best proced_re would probably be to modify the wind
tunnel to eliminate the necessity of large corrections
to the measured data. Screens and deflector vanes
properly located can be used to adjust the air-flow
conditions to obtain more uniform flow or to eliminate
any serious effects of wake shadow. Sealing the support
struts and fairings and any other openings in the tunnel
will help to el_mlnate some of the uncertainty _n deter-
mining tare, alinement-angle, and static-pressure-
gradient correct_on,_. Careful design of the support
struts and their means of attachment to the model will
minimize the tare corrections.
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The accuracy to which the corrections must be deter-
m_.ned and the time t_ be spent in calibrating the tunnel

must u!tlmate!y be decided by the tunnel operator from

considerations of the purpose for which the tests are

being conducted, the precision required _n the final

results, and the time availab].e for determinlng and

applying the corrections.

Langley _:emorial Aeronautical Laboratory
National Advisory Co_n!ttee for Aeronautics

Langley _'{_ _ Va
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